The readout methods for inductively coupled resonance sensors were simulated using a lumped element model. The purpose of the study was to analyze the readout methods at high frequencies where the self-resonance of the reader coil is likely to interfere with the measurements. Furthermore, the changes in the reading distance cause measurement errors. This phenomenon was studied using simulation. In addition, an algorithm that compensates these errors was tested. The simulation results were in agreement with the test measurements. In addition, the tested error compensation improved the resonance frequency estimates calculated using the simulated and measured data.
Introduction
Inductively coupled resonating structures can be used as wireless sensors. A typical sensor is made of a coil and a capacitor and it is often tuned to resonate at HF frequencies. These sensors can be utilized in many applications [1] . One popular application is a pressure sensor, which is based on a pressure dependent capacitive element. Furthermore, the sensing function can also be implemented by using coils whose inductance is modulated by the measured quantity. These two components alter the resonance frequency of the sensor. The methods for determining the resonance frequencies of these sensors vary [1] . One key benefit of this measurement method is the simplicity of the sensor structures. This enables the use of unconventional processing methods and materials in fabrication.
The coil is typically the largest component in the sensor. In addition, avoiding vias and multilayer conductive patterns in the sensor design will make the fabrication process even more straightforward. Thus, single-turn or single-layer coils combined with finger electrode capacitors can be used in the sensing applications. Another option is to utilize the self-resonance of the coils without a separate capacitor [2] . However, the resonance frequencies of these structures are often at the VHF and UHF frequencies near to the self-resonance frequency of the reader coil. This is not an optimal situation for many tested readout methods and the variation in the inductive coupling may cause a shift in the resonance frequency estimates. This problem can be minimized by optimizing the readout configuration (sensor coil, reader coil and parallel capacitances) or by using compensation algorithms [3, 4] .
In this study, impedance measurements were simulated based on a lumped element model [5] . The overall behavior of the model was tested by measurements. In addition, the compensation algorithm that mitigates the errors in the resonance estimates [4, 6, 7] was applied to the impedance data.
Methods
The performance of two methods for estimating the resonance frequency of inductively coupled LC circuits was studied at high frequencies. The first method estimates the frequency of the peak (fmax) in the real part of the impedance spectrum and the second identifies the frequency of a dip (fp) in the impedance phase data, see Figure 1c . The latter is also called the phase-dip method. Simulation was used to create test data that imitates the situation where the inductive coupling is altered as the reading distance varies. In simulation, various configurations can be easily tested and all components in the system are known and can be accurately manipulated. Thus, the resonance frequency of the circuit (f 0 ) can be calculated using the basic equation for the LC resonator [8] .
An electrical configuration that represents the readout of an inductively coupled resonance sensor was realized using lumped element components ( Figure 1a ) and simulated in a Matlab ® environment as described in [5] . The inductively coupled circuit was included in the model as a component (X) in series with the reader coil [8] . The simulation results were expressed as the spectrum of the real part of impedance or the phase of the impedance. The resonance frequency estimates and the corresponding magnitudes (height or depth) of the resonance curves ( Figure 1c) were extracted from the data and used in a compensation algorithm [7] . The baseline of the spectral curve of the reader coil was removed before the feature extraction process.
The parameters used in the simulations are shown in Table 1 . The effect of the self-resonance of the reader coil on the resonance frequency estimate was studied by simulation (Cases 1-4) where the resonance frequency of the circuit (f0) was incrementally set closer to the self-resonance frequency of the coil (fr). The overall suitability of the simulated model was tested by measurements using an impedance analyzer (Agilent 4396B) and a single-turn reader coil on PCB (diameter 12 mm, SMA connector). The tested resonance circuit had a coil with a similar geometry but not an attached connector. 3.3 pF, 1.5 pF and 1 pF capacitors were mounted in parallel with the sensor coil (Cases 5-7) to imitate the simulated cases. In the measurement setup, the coils were positioned co-axially using a plastic screw (Figure 1b) . The reading distance was varied using plastic washers. 
Results
The simulated and measured resonance curves are shown in Figure 2 . The responses were similar when the inductive coupling was varied. This can be seen mostly as the variation in the magnitude (height or depth) of the resonance curves except in Figure 2g where the height of the resonance peak is not clearly influenced by the inductive coupling. However, the simulated and measured curves are not identical because the parameters of the tested physical system can be estimated only with limited accuracy. The inductive coupling affects the position of the resonance curve in the frequency axis. Furthermore, the proximity of the resonance curve of the reader coil has an effect on the curves as well. The resonance of the reader coil can be seen as an additional resonance curve to the right of the resonance curve of the sensor in Cases 3, 4, 6, and 7. This has to be taken account when estimating the resonance frequency. The differences between the frequency estimates extracted from the simulated impedance data and the calculated value f0 are shown in Figure 3a and by using the error compensation algorithm in Figure 3b . The corresponding differences between the resonance estimates from the measured curves and the value at the 12.4 mm measurement distance are illustrated in Figure 3c ,d. When the compensation was not used, the behavior of the differences in the simulated and measured cases were similar. For both tested readout methods, the differences increased as the inductive coupling increased. In addition, the differences were larger when the sensor resonance was set near to fr. Among the tested cases, the best results with the uncompensated estimates were achieved using the phase-dip method in Cases 1 and 2. The compensation improved the estimates in Cases 1-3. The compensation also works for the measured resonance estimates but the method would benefit from more data. The best results were achieved in Case 1 using the feature fmax. The compensation did not improve the results much in Case 4 and was not even applied in Case 7 because there was no clear relation between fmax and the corresponding height. 
Discussion
The tested lumped element model was able to predict the overall behavior of the resonance curves in the tested frequency range. As the inductive coupling increases so does the difference between the resonance estimates and f0. This phenomenon is stronger in the near proximity of the self-resonance frequency fr of the reader coil. Thus, it is not advisable to set the resonance sensors to operate exactly at fr. The tested cases were more suitable for the phase-dip method when the compensation was not used and the results are in line with the results achieved in [5] . In general, the compensation was able to mitigate the effect of the varying inductive coupling. In some tested cases, the compensation suffered from the fact that the relation between the resonance estimates and corresponding height or depth was not truly linear. The situation was worse near to the resonance frequency of the coil. 
